Apoptosis has a crucial role in anti-cancer treatment. The proteins of the BCL-2 family are core members of the apoptotic program. Thus, we postulated that alterations in the expression of BCL-2 protein family, and in particular in that of the Bcl-2 homology domain 3 (BH3)-only proteins (which can neutralized anti-apoptotic proteins or activate pro-apoptotic proteins) could account for differences in the overall survival (OS) of patients. To test this hypothesis, we analyzed the expression of 15 members of the BCL-2 protein family (Bax, Bak, Bok, Bcl-2, Bcl-xl, Bcl-w, Mcl-1, Bad, Bid, Bim, Bik, Bmf, Hrk, Noxa and Puma) in glioblastoma multiforme (GBM) tumors, the most frequent brain tumor in adults. We found that none of the individual expression of these proteins is associated with a significant variation in OS of the patients. However, when all BH3 proteins were pooled to determine a BH3 score , this score was significantly correlated with OS of GBM patients. We also noted that patients with a have high level of phospho-Bad and phospho-Bim displayed a lower OS. Thus, BH3 scoring/profiling could be used as an independent prognostic factor in GBM when globally analyzed.
Malignant gliomas are the most common and deadly brain tumors. Survival for patients with glioblastoma multiforme (GBM), the most aggressive glioma, is individually variable and remains poor although it has improved over the last 5 years. 1 The major advance in GBM treatment has been following the concomitant use of temozolomide, an alkylating agent, with radiotherapy. 2 Several publications have focused on the understanding and description of mechanisms by which this regimen limits the growth of these tumors in order to improve the therapeutic impact. In most cases, induction of the cell death program known as apoptosis has been shown to be instrumental in the therapeutic success in GBM. [3] [4] [5] The BCL-2 family of proteins appears to be central in both the initiation and execution of apoptosis, which is composed of three subgroups: the anti-apoptotic proteins, the multi-domain pro-apoptotic proteins and the Bcl-2 homology domain 3 (BH3)-only pro-apoptotic proteins (Figure 1 ). 6 The antiapoptotic proteins (i.e., Bcl-2, Bcl-xl, Bcl-w and Mcl-1) sequester the pro-apoptotic proteins (i.e., Bax, Bok and Bak) that otherwise, upon activation, permeabilize the outer mitochondrial membrane, enabling the release of cytochrome c, promoting the activation of caspases and thereby apoptosis. 7, 8 The BH3-only pro-apoptotic proteins are the first sensors of death signals and trigger apoptosis by inhibiting the anti-apoptotic BCL-2 proteins or by directly activating proapoptotic proteins, Bax and Bak, their BH3 domains being involved in both mechanisms. 9 Thus, it is largely assumed that the level of expression of members of the BCL-2 protein family and the interaction between anti-and pro-apoptotic proteins determines life or death in cancer cells and thus the resistance or sensitivity to anti-cancer treatments. Several papers have been devoted to the analyses of the interactions between proand anti-apoptotic proteins, and in particular, between the BH3-only proteins and the anti-apoptotic proteins and their putative relationships to the response to anti-cancer treatment. 10 Indeed, it has been shown that this 'BH3 profiling' can also predict sensitivity to conventional chemotherapeutic agents such as etoposide, vincristine and adriamycin. In addition, expression level of members of the BCL-2 family of proteins appears to be a marker of the therapeutic response and/or of the clinico-pathological characteristic in some cancers. [11] [12] [13] In the present investigation, we have analyzed the expression of several members of the BCL-2 family of proteins (Bax, Bak, Bcl-2, Bcl-xl, Bcl-w, Mcl-1, Bad, Bid, Bim, Hrk, Noxa and Puma) in GBM patients and correlated this expression to a relevant gain of overall survival (OS) in patients. Posttranslational modification of the function of BCL-2 family of proteins, and in particular, the pro-apoptotic function of the Bad and Bim, both pro-apoptotic proteins, were also investigated by determining the phosphorylation of these proteins in conjunction with a variation in OS in GBM patients. 14 
Results
Focus on certain members of the BCL-2 protein family. Initially, we monitored the expression of 13 members of the BCL-2 protein family (Bax, Bak, Bok, Bcl-2, Bcl-xl, Bcl-w, Mcl-1, Bad, Bid, Bik, Bim, Bmf, Hrk, Noxa and Puma) in 10 GBM using western blotting (WB) and ELISAs ( Figure 1b) . As illustrated in Figure 1b , the expression of Mcl-1, Bmf, Bik and Bok was homogeneous, whereas the expression level of the other BCL-2 proteins was heterogeneous. In addition, by analyzing the 10 GBM, we observed that the ratio between the maximal and minimal value of expression was inferior to three for the Mcl-1, Bmf, Bik and Bok proteins and was superior to three for the other members of the BCL-2 protein family ( Figure 1c) .
As a consequence, we decided to perform in-depth analyses of all members of BCL-2 protein family harboring a heterogeneous expression, that is, Bax, Bak, Bcl-2, Bcl-xl, Bcl-w, Bad, Bid, Bim, Hrk, Noxa and Puma proteins.
The population analyzed in this study is representative of GBM patients. The study population consisted of 31 GBM patients for which we obtained a well-documented medical history and molecular characteristics according to French laws and recommendations of the French National Committee of Ethics. All these patients had received the same standard treatment following a complete surgical resection (that is, Temozolomide plus irradiation). We were also able to accurately determine and compare the time to OS in this population. The patients had a median OS of 10.5 months, a male/female proportion of 20/11, a KPS with a median of 80 (Table 1) . Of note, the CPHSRA showed no prognostic relevance of the latter clinical parameters (Table 1) . We complemented the characterization of the population by analyzing two GBM-associated basic molecular parameters: MGMT methylation status and p53 mutation. In this cohort of 31 patients, 29% harbored a methylated MGMT gene, which conferred a superior OS as compared with patients with an unmethylated MGMT gene (P ¼ 0.0134). On the other hand, the p53 mutation was detected in 26% of the patients and was not associated with a prognostic relevance in OS (P ¼ 0.6462) ( Table 1 ). In addition, no correlation was observed between p53 status and the degree of methylation of the MGMT gene (P ¼ 0.2454).
These results were in agreement with current data and showed that our population could be considered representative of GBM patients. 1 Individual expression of key members of the BCL-2 protein family is not prognostic of OS. In each GBM samples, we analyzed the expression of key members of the BCL-2 protein family in order to determine whether or not this influenced the response of patients to the irradiation plus temozolamide treatment. 6 According to previous results, the 11 members of the BCL-2 protein family analyzed were Bcl-2, Bcl-xl, Bcl-w (the major three anti-apoptotic proteins in GBM), Bax and Bak (two multi-domain pro-apoptotic proteins) and Bad, Bid, Bim, Hrk, Noxa and PUMA, six major BH3-only pro-apoptotic proteins. Western blot or ELISA experiments were performed to estimate the expression level of these proteins (Figure 2) .
First, we observed that the expression of BCL-2 protein family was very heterogeneous among GBM patients ( Figure 2 and Table 1 ). Indeed, this idea can be illustrated by the fact that Noxa expression varied between (0.24; 6.54), that is, that the maximal value of Noxa expression is equal to 27-fold its minimal value. Similar observations were also made for Bcl-xl (maximal value of expression is equal to 70-fold the minimal value) and for Bak (maximal value is equal to 58-fold the minimal value).
Second, we searched for potential correlations between the expression of the different members of the BCL-2 protein family. We found significant correlations between the expression of Bcl-2 and Bcl-w (r ¼ 0.375 and P ¼ 0.0376), Bcl-2 and Bax (r ¼ 0.614 and P ¼ 0.0002), Bax and Bcl-w (r ¼ 0.362 and P ¼ 0.0454) and Bak and Bim (r ¼ 0.377 and P ¼ 0.0366) Fourth, we analyzed whether the expression level of these members of the BCL-2 protein family was associated with of a prognostic relevance of OS. For this, patients were divided into two groups according to the expression level of the 11 members of the BCL-2 protein family: one with low expression levels of the protein (i.e., lower or equal to the median) and a second group included GBM patients with high levels of expression (i.e., higher than the median). CPHSRA revealed that none of the protein expression levels was associated with of a prognostic relevance in OS (Table 1) .
These results suggest that there was no simple correlation between the individual expression of our selected members of the BCL-2 protein family and patient OS.
A 'BH3 score' correlates with OS in GBM patients. As the individual expression of members of the BCL-2 protein family was not an independent prognostic factor in OS, we considered the effect of a 'pooled expression' of antiapoptotic proteins (AA score ), of multi-domain pro-apoptotic proteins (mPA score ) and of BH3-only pro-apoptotic proteins (BH3 score ). For the calculation of each score, 1 point was attributed when a member of the BCL-2 protein family harbored a high expression level (higher than the median), 0 point was attributed when the member of BCL-2 protein family harbored a low expression level (lower or equal to the median).
An initial analysis revealed that only the BH3 score significantly correlated with the OS (AA score versus OS: P ¼ 0.9536; mPA score versus OS: P ¼ 0.6313; BH3 score versus OS: P ¼ 0.0180) (Figure 5a ). In other terms, our analyses indicated that a high expression of BH3-only proteins, correlated to a longer OS.
On the basis of this observation, we refined our BH3 score . For this purpose, we considered three different BH3 score . The first consisted of a 'BH3 score o3 0 group that included GBM patients with high expression in less than three BH3-only proteins. The second consisted of a 'BH3 score ¼ 3 group' that included GBM patients presenting three high expression BH3-only proteins (higher than the median value) and the third, a 'BH3 score 43 0 group that included patients with more than three highly expressed BH3-only proteins.
CPHSRA showed that the OS of patients was increased only in the latter group as OS in the 'BH3 score 43 0 group was significantly more important than that of the 'BH3 score o3 0 group (P ¼ 0.0132) (Figure 5b ). In addition and more importantly, we noted that this was independent of the type of BH3-only protein.
High level of pBad S136 and pBim S69 is a hallmark associated with poor survival of GBM patients. Numerous reports in the literature state that the phosphorylation of BH3-only proteins can act as a modulator of the proapoptotic function of these proteins, as such we assessed the level of pBad S136 and pBim S69 in our collection of GBM. 15, 16 Results obtained from ELISA firstly indicated a high heterogeneity in the expression of pBad S136 and pBim S69 as a ratio of 30 and 45 were observed between the maximal and the minimal value of the pBad S136 and (Table 1) . Second, we noted a correlation between the presence of pBad S136 and pBim
S69
suggesting that this phosphorylation could be because of the same kinase (Figure 6a ). Third, CPHSRA revealed that the level of pBad S136 and pBim S69 was not associated with a difference in OS between patient harboring low (lower or equal to the median) or high (higher to the median) level of pBad S136 and low (lower or equal to the median) or high (higher to the median) level of pBim S69 (Figures 6b and c) . Finally, CPHSRA indicated that OS of GBM patients with a high level of pBad S136 and pBim S69 were inferior to OS in patients without this double hallmark (Figure 6d ).
Presence of pBad S136 and pBim S69 in GBM and kinase activities. Finally, we considered whether the level of pBad S136 and pBim S69 was correlated with the level of the Akt and Erk activities as these kinases are responsible for the phosphorylation of Bad and Bim at the S136 and S69 residues, respectively. 17, 18 For this purpose, we determined Erk activity by using the MAP Kinase/Erk Immunoprecipitation Kinase Assay Kit, non-radioactive (Milipore, France) and the Akt activity by using the AKT In-Cell ELISA Kit (ThermoScience, Villebon Sur Yvette, France). In addition, we also estimated the level of kinase activity of the EGF receptor (EGFr), by using the HTScan EGF Receptor Kinase Assay Kit (Ozyme/cell signaling, France) as EGFr is overactivated in GBM and able to promote the Akt and the Erk activation. The correlation between these values was then determined by using Pearson's correlation test (Figure 7 ). Our data indicated that the Akt activity level correlated with the level of pBad S136 and with the level of EGFr activities, but not with the level of pBim S69 , while the Erk activity level correlated with the level of pBim S69 and with the level of EGFr activities but not with the level of level of pBad S136 .
Discussion
Our research is focused on the molecular mechanism(s) of apoptosis evasion in GBM as an inhibition of the cell death program in these tumors is an important feature in the resistance to treatment. 19 In the present study, we have studied the prognostic significance of the expression of 11 members of the BCL-2 protein family in GBM, namely Bcl-2, Bcl-xl, Bcl-w, Bax, Bak, Bad, Bid Bim, Hrk, Noxa and Puma. We found no correlation between the level of expression of any of the aforementioned proteins and OS. However, when the expression of BH3-only proteins was pooled to define a BH3 score , this score significantly correlated with OS. Indeed this BH3 score could be used as an independent prognostic factor for GBM patients. GBMs with a high expression of two BH3-only proteins (i.e., Bad, Bid, Bim, Hrk, Noxa and Puma) presented a low OS (median: 9.45 months), while tumors exhibiting a high expression of at least four of these BH3-only proteins presented a high OS (median: 14.55 months). Thus, quantification of the expression level of six BH3-only proteins could be considered as a biomarker associated with a significant prognosis in terms of OS.
By performing ELISA and WB, we focused on the quantitative level of the expression of the BCL-2 protein family at the expense of a study of the location and number of positive cells for the expression of these proteins (data provide by immunohostochemical (IHC) experiments). However, and taking into consideration the relative sensitivity and specificity of these methods, we and others have already shown that the results of studies of ELISA, WB, IHC could be superimposable. 20, 21 This observation is one of the first using such a large panel of BH3-only proteins. There have been numerous literature reports about the expression of BH3-only protein(s) and OS. [16] [17] [18] The expression level of a single BH3-only protein was shown to significantly correlated with survival (such as Bim for melanoma patients). 22 Other groups have reported that BH3-only proteins Bim and Puma can provide prognostic information for stage II and III colon cancer patients receiving 5-fluorouracil-based adjuvant chemotherapy while Bad and Bid expression predicted survival in stage II and III colon cancers. 23, 24 Other groups have reported that BH3-only proteins Bim and Puma can provide prognostic information for stage II and III colon cancer patients receiving 5-fluorouracil-based adjuvant chemotherapy, while Bad and Bid expression predicted survival in stage II and III colon cancers. 16 The co-existence of pBad S136 and pBim S69 expression, despite the fact that distinct kinases promote the pBad S136 and pBim S69 phosphorylation can be explain by the fact that kinases governing these phosphorylations, that is, Akt and Erk can be activated by the same signaling pathway such as the one of EGR/EGFr pathway. Our data support this idea as we observed that the kinase activity of Akt and Erk was correlated with the kinase activity of EGFr.
In addition, our study also shows the existence of a correlation between the expression levels of several members of the BCL-2 protein family. This study confirms the existence of a parallel increase between the expression of Bcl-2 and Bax in GBM tumors, as previously described by Martin et al. 21 Here, we complement this point by noting that the expression level of Bcl-w also correlates with the expression level of Bax and Bcl-2. Taken together these data suggest that Bax, Bcl-2 and Bcl-w can be co-regulated by similar mechanisms in GBM. This might be related to the fact that methylation of the bcl-2 and bcl-w genes occurs frequently in the same GBM tumor. 25 BH3-only proteins and glioblastoma multiforme PF Cartron et al another member of the BCL-2 protein family has been already suggested by the existence of a reciprocal protection of Mcl-1 and Bim from ubiquitin-proteasome degradation. 26 Taking into account the presence of p53 mutation in GBM, our study enters the debate on the influence of mutated p53 mutation on the expression of p53-regulated genes and as such on the expression of the proteins encoded by these genes. Our data suggest that the presence of mutated p53 correlates only with the expression level of Bak. This correlation is surprising as Bak is not a conventional p53-regulated gene such as bax, puma or noxa for example. 27, 28 Finally, the description of the correlations between the expression levels of Bak and Bim and the methylation status of the MGMT gene suggests that these two pro-apoptotic proteins could have a crucial role into the temozolomide/ irradiation-induced apoptosis. In other terms, these data suggest that Bak and Bim are two crucial actors in the apoptosis induced by the temozolomide/irradiation treatment in cells harboring a MGMT methylation.
We also noted that 5/8 GBM tumors harboring the MGMT methylation highly co-expressed Bak and Bim proteins. Indeed, the determination of the expression of Bak and Bim as a means to further classify GBM populations harboring a methylated MGMT gene would be important in identifying among the methylated MGMT-patients those who are better responders to the irradiation-temozolomide treatment. Clearly, to be supported, this point requires a study with a bigger cohort of patients.
Taking into account the presence of p53 mutation in GBM, our study enters the debate on the influence of mutated p53 mutation on the expression of p53-regulated genes and as such on the expression of the proteins encoded by these genes. Our data suggest that the presence of mutated p53 correlates only with the expression level of Bak. This correlation is surprising as Bak is not a conventional p53-regulated gene such as bax, puma or noxa for example. [29] [30] [31] Materials and methods Patient characteristics. OS was measured from the date of surgical resection to death. All patients included in this study had similar management and similar treatment (total resection, radiotherapy plus temozolamide Single-strand conformation polymorphism analysis was performed on a sequencing apparatus using 8 and 14% acrylamide gels and electrophoresis at 3-6 W for 15 h followed by silver staining of the gels. Aberrantly migrating bands were excised and DNA was extracted. After reamplification with the same set of primers the PCR products were sequenced on a semi-automated sequencer (ABI 3100, Applied Biosystems) using a Taq cycle sequencing kit (Applied Biosystems, Villebon Sur Yvette, France). Each amplicon was sequenced bidirectionally.
MGMT methylation status. DNA was extracted using the QiaAmp DNA mini Kit (Qiagen, Courtaboeuf, France). Then a bisulfite conversion is performed using an EZ DNA methylation Gold kit (Zyma Research-Proteigene, St Marcel, France). MSP were done as previously described. 32 Protein extraction, ELISA and western blot analysis. After surgical resection, the tumor samples were immediately frozen in liquid nitrogen and stored at À 80 1C. Protein extract was performed using vol/vol RIPA buffer (PBS containing 1% NP-40, 0.5% Na-deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 1 nM Na-vanadate, and complete inhibitor cocktail). In brief, proteins (50 mg) were size fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Proteins were transferred onto nitrocellulose or PVDF membrane. Saturation and blotting were realized by using SNAP i. 
